Mlh1p forms three heterodimers that are important for mismatch repair (Mlh1p/Pms1p), crossing over during meiosis (Mlh1p/Mlh3p), and channeling crossover events into a specific pathway (Mlh1p/Mlh2p). All four proteins contain highly conserved ATPase domains and Pms1p has endonuclease activity. Studies of the functional requirements for Mlh1p/Pms1p in Saccharomyces cerevisae revealed an asymmetric contribution of the ATPase domains to repairing mismatches. Here we investigate the functional requirements of the Mlh1p and Mlh3p ATPase domains in meiosis by constructing separation of function mutations in Mlh3p. These mutations are analogous to mutations of Mlh1p that have been shown to lead to loss of ATP binding and/or ATP hydrolysis. Our data suggest that ATP binding by Mlh3p is required for meiotic crossing over while ATP hydrolysis is dispensable. This has been seen previously for Mlh1p. However, when mutations that affect ATP hydrolysis by both Mlh3p and Mlh1p are combined within a single cell, meiotic crossover frequencies are reduced. These observations suggest that the function of the Mlh1p/Mlh3p heterodimer requires both subunits to bind ATP but only one to efficiently hydrolyze it. Additionally, two different amino acid substitutions to the same residue (G97) in Mlh3p affect the minor mismatch repair function of Mlh3p while only one of them compromises its ability to promote crossing over. These studies thus reveal different functional requirements among the heterodimers formed by Mlh1p.
C ROSSING over during meiosis not only generates variation but is also important for providing the necessary interactions between homologous chromosomes that ensure correct segregation at division I of meiosis. Recombination is initiated by the production of programmed double-strand breaks (DSBs), catalyzed by the covalently attached Spo11p (Bergerat et al. 1997; Keeney et al. 1997) , aided by a number of proteins (reviewed in Keeney and Neale 2006) . DSBs are made at a much higher frequency than crossovers, and designation of only a subset to yield crossovers is thought to occur during early stages of DSB repair (Borner et al. 2004) . At least two distinct pathways contribute to the production of crossover events in Saccharomyces cerevisiae. The major pathway is dependent on Msh4p/Msh5p and the mismatch repair proteins Mlh1p and Mlh3p (Ross-MacDonald and Roeder 1994; Hollingsworth et al. 1995; Hunter and Borts 1997; Wang et al. 1999; Abdullah et al. 2004) and the second pathway is dependent on Mus81p/Mms4p endonuclease (de los Santos et al. 2001 (de los Santos et al. , 2003 .
Mitotic mismatch repair (MMR) is the process by which mutations that arise during DNA replication and recombination are recognized and removed (reviewed in Kolodner 1996; . Msh2p forms a heterodimer with Msh6p (MutSa) to repair base-base mismatches and small insertions and/ or deletions and with Msh3p (MutSb) to repair large insertions and/or deletions (reviewed in Jiricny 2006) . Mlh1p forms heterodimers with Pms1p, Mlh2p, and Mlh3p to coordinate the removal of these mismatches (Prolla et al. 1994; Wang et al. 1999) . Mlh1p/Pms1p (MutLa) are involved in the repair of all types of mismatches in combination with MutSa and MutSb, and in the absence of either protein a mutator phenotype is observed (Habraken et al. 1997 (Habraken et al. , 1998 . Mlh1p/ Mlh2p (MutLb) and Mlh1p/Mlh3p (MutLg) are involved in the MutSb pathway only, which repairs frameshift mutations caused by insertions or deletions. Consequently mlh3D mutants only exhibit a weak mutator phenotype, due to a lesser involvement in mismatch repair and a partial overlap in function with Pms1p (Flores-Rozas and Kolodner 1998; .
Although the MutL homologs interact primarily through their C-terminal domains (Pang et al. 1997; Ban and Yang 1998) , it is thought that the N-terminal domains must also interact for the complex to be fully functional (Ban and Yang 1998) . Binding of ATP causes 1 the proteins to undergo conformational changes, which are essential for the interaction between the N termini (Ban et al. 1999; Tran and Liskay 2000; Sacho et al. 2008) . ATP hydrolysis and subsequent release of ADP is required to allow the protein complex to return to its initial state, completing the cycle so that the subunits are ready to bind ATP again if required. Using mutants of MLH1 and PMS1 that are presumed to be defective for ATP binding and/or ATP hydrolysis, it has been shown that both of these functions are essential for fully effective mismatch repair (Tran and Liskay 2000) . However, the ATP binding and ATP hydrolysis mutants of PMS1 exhibited lower mitotic mutation rates than the corresponding MLH1 ATPase mutants, suggesting that there is functional asymmetry within the Mlh1p/Pms1p heterodimer (Tran and Liskay 2000; Hall et al. 2002) . Another example of the asymmetry in the contributions of these subunits to function can be seen in assays that measure recombination between diverged sequences (homeologous recombination). The Mlh1p ATPase activity has been shown to be more important for the suppression of homeologous recombination than Pms1p ATPase activity (Welz-Voegele et al. 2002) . This functional asymmetry is supported by in vitro biochemical analysis that demonstrated Pms1p has a lower ATP binding affinity than Mlh1p (Hall et al. 2002) .
As mentioned above, Mlh1p/Mlh3p function in the Msh4p/Msh5p pathway for meiotic recombination (Hunter and Borts 1997; Santucci-Darmanin et al. 2000) . The Msh4p/Msh5p complex is thought to act in the stabilization of Holliday junction intermediates to allow their resolution in a crossover configuration (Snowden et al. 2004) . The Mlh1p/Mlh3p complex has been suggested to act in the resolution of these structures, either directly or indirectly. Human Pms2 and its yeast homolog, Pms1p, have been shown to possess a latent endonuclease activity, conferred by a motif that is conserved among some of the MutL homologs, including Mlh3p (Kadyrov et al. 2006 (Kadyrov et al. , 2007 . Mutations in the DHQA(X) 2 E(X) 4 E motif in yeast MLH3 cause defects in both mismatch repair and meiotic recombination equivalent to mlh3D, suggesting that Mlh3p may also possess an endonuclease activity that is important for the generation of crossovers (Nishant et al. 2008) .
ATP binding by Mlh1p has been shown to be important for both of its meiotic functions (crossing over and repair of heteroduplex DNA) (Pang et al. 1997; Tran and Liskay 2000; Hoffmann et al. 2003) . In contrast, the ATP hydrolysis mutant mlh1-E31A/mlh1-E31A appears to have no effect on meiotic recombination (Tran and Liskay 2000; Hoffmann et al. 2003) . This may partly be explained by in vitro studies demonstrating that this mutant exhibits a low level of ATPase activity (Hall et al. 2002) .
The meiotic functions of MLH1 can be functionally separated as shown by mutating the same residue, G98, to different amino acids (Hoffmann et al. 2003) . The residue G98 is situated in the ATPase motif in the GFRGEAL box (GYRGDAL in Mlh3p), which forms the lid of the ATP binding pocket. Mutations in this motif are predicted to affect ATP binding and/or heterodimerization with Pms1p (Ban and Yang 1998; Ban et al. 1999) . Mutating the residue G98 in the ATP binding lid to alanine resulted in defective repair of heteroduplex DNA while crossing over was unaffected, but when the same residue was mutated to valine both mismatch repair and crossover functions were defective (Hoffmann et al. 2003) . The mlh1-G98V mutant disrupts the interaction of Mlh1p with Pms1p, while mlh1-G98A does not (Pang et al. 1997) . This may contribute to the difference observed in the effect on crossing over as Mlh1p is thought to interact with Pms1p and Mlh3p through the same residues (Wang et al. 1999; Kondo et al. 2001) . Consequently if the interaction with Pms1p is affected then it is likely that the interaction with Mlh3p is also disrupted.
We constructed mlh3 mutants corresponding to the ATP binding and ATP hydrolysis mutants of mlh1 to explore the role of Mlh3p in meiotic recombination. We also constructed mlh3-G97A and mlh3-G97V mutants, equivalent to the mlh1-G98A/V pair that has been shown to differentially affect the mitotic and meiotic functions of Mlh1p. All mutants were assayed for mitotic mismatch repair, meiotic heteroduplex repair, crossing over, and chromosome segregation.
MATERIALS AND METHODS
Strains: All of the haploid strains used were derived from Y55-2834 (MATa HIS4 LEU2 ADE1 trp5-1 cyh2 met13-2 lys2-c ura3-1) and Y55-2835 (MATa his4-r leu2-r ade1-1 TRP5 CYH2 MET13 lys2TInsE-A 14 ura3-N), which have been described previously (Hoffmann et al. 2003) . To create MLH3 deletion strains, the entire open reading frame of MLH3 was replaced with hphMX4 (Goldstein and McCusker 1999) , using PCRbased gene disruption (Wach et al. 1994) . All point mutants of Mlh3p were constructed using the delitto perfetto technique (Storici et al. 2001) , and the presence of the mutations were confirmed by sequencing. The mlh1D mlh3D and the mlh1-E31A/mlh1D mlh3-E31A/mlh3D double mutant strains were constructed through mating and dissection to obtain the appropriate segregants. The mlh1D and mlh1-E31A/mlh1-E31A strains have been described previously (Hoffmann et al. 2003) . All diploid strains used are listed in Table 1A . Oligonucleotide sequences are available upon request.
Genetic analysis: Strains were mated, sporulated, and dissected as described previously (Hunter and Borts 1997; Abdullah and Borts 2001) . Crossing over and non-Mendelian segregation (NMS) events (6:2 or 2:6 gene conversions or 5:3 or 3:5 postmeiotic segregations, PMSs) were only analyzed in tetrads with four viable spores. Spore colonies were replicated to synthetic complete media with the appropriate amino acid or nutrient excluded, or cycloheximide-containing media to allow scoring of the segregation of genetic markers. Sectoring of the spore colony indicated a postmeiotic segregation event. Map distances in centimorgans (cM) were calculated using the formula cM ¼ 1/2(TT 1 6NPD)/(TT 1 NPD 1 PD), where PD, NPD, and TT are parental ditype, nonparental ditype, and tetratype, respectively (Perkins 1949) . The G-test of homogeneity (Sokal and Rohlf 1969) was used to compare distributions of these events between strains, and the Dunn-Sidak correction factor was applied for multiple comparisons (Sokal and Rohlf 1969) . For these comparisons a P-value of 0.00511 or less was considered significant (for 10-way comparisons). This is a very stringent test and the chance of a type 2 error (accepting the null hypothesis when false) is high (http:/ /www.quantitativeskills.com/sisa/calculations/ bonhlp.htm).
Mutation rate determination: To determine the rate of mutation during cell growth, fluctuation tests were utilized (Lea and Coulson 1949) , as modified by Reenan and Kolodner (1992) . The lys2TInsE-A 14 allele was employed to detect insertions or deletions that restore the reading frame of LYS2 (Tran et al. 1997) . The haploid strains used for these experiments are listed in Table  1B . As mlh3D strains only exhibit a mild mutator phenotype (Flores-Rozas and Kolodner 1998; , single colonies were propagated overnight in liquid cultures to increase the cell number before testing the mutation rate. Three independent experiments, each using 11 colonies, were performed for each strain to be tested. The method of the median was used to calculate mutation rates; r 0 ¼ M (1.24 1 lnM), where r 0 is the median number of colonies on selective media out of the 11 cultures, and M is the average number of colonies on selective media per culture (Reenan and Kolodner 1992) . Interpolation was used to determine M and was subsequently used to calculate the mutation rate using the formula r ¼ M/N, where N is the average number of total cells from the 11 cultures (Reenan and Kolodner 1992) . To determine the overall mutation rate for a given strain and to determine 95% confidence intervals, the mutation rate was calculated for each individual colony tested (33 colonies in total, 11 from each of three fluctuation tests). These were combined and ranked and the median value was taken as the overall mutation rate. As 33 colonies were tested, the mutation rate for colonies ranked 11th and 23rd were used to define the upper and lower limits of the 95% confidence intervals for the mutation rate (Spell and Jinks-Robertson 2004 ; see http:/ /www.math.unb.ca/$knight/utility/MedInt95.htm for a table of confidence intervals for the median). The only exception to this was for mlh1D, where only 22 colonies were tested and consequently the mutation rate of the colonies ranked 6th and 17th were used to determine the 95% confidence intervals. The strains were considered to have significantly different mutation rates if no overlap was observed in the 95% confidence intervals (Spell and Jinks-Robertson 2004) .
RESULTS
MLH3 functions in the same pathway as MLH1: The homozygous mlh3D mutant strain exhibited levels of MLH3 HIS4 LEU2 MATa ADE1 trp5-1 cyh2 met13-2 lys2-c ura3-N VCD189 EY1-14B MLH3 his4-r leu2-r MATa ade1-1 TRP5 CYH2 MET13 lys2TinsE-A 14 ura3-1 VC29 mlh3DThphMX4 HIS4 LEU2 MATa ADE1 trp5-1 cyh2 met13-2 lys2-c ura3-N VCD8 VC29 mlh3DThphMX4 his4-r leu2-r MATa ade1-1 TRP5 CYH2 MET13 lys2TinsE-A 14 ura3-1 VC31 mlh3DThphMX4 HIS4 LEU2 MATa ADE1 trp5-1 cyh2 met13-2 lys2-c ura3-N VCD6 VC10 mlh1DTkanMX4 mlh3DThphMX4 his4-r leu2-r MATa ade1-1 TRP5 CYH2 MET13 lys2TinsE-A 14 ura3-1 VC9 mlh1DTkanMX4 mlh3DThphMX4 HIS4 LEU2 MATa ADE1 trp5-1 cyh2 met13-2 lys2-c ura3-
crossing over that were significantly lower than the wild type in all intervals studied (P , 0.00511, G-test of homogeneity; Table 2 ) as observed previously (Wang et al. 1999; Abdullah et al. 2004) . To determine whether MLH3 functions in the same pathway as MLH1 to promote crossing over as expected, a double mlh1D mlh3D mutant was compared to the homozygous mlh3D single mutant. The levels of crossing over did not differ between these two strains. However, in another study (Stone and Petes 2006 ) a decrease in crossing over was not observed in the HIS4-LEU2 interval in either mlh3D or mlh1Dmlh3D mutants. An MLH3/mlh3D heterozygote was also analyzed to determine whether a single copy of MLH3 was sufficient to confer a wild-type phenotype. Crossing over, meiotic mismatch repair, and spore viability (Tables 2, 3 , and 5, respectively) were all indistinguishable from the homozygous wild type. This enabled us to study the point mutants as heterozygous diploids, e.g., mlh3-N35A/mlh3D. The data obtained for the heterozygous MLH3/mlh3D strain was used as the wild type for all subsequent comparisons with the point mutants.
Wild-type levels of ATP binding by Mlh3p are required for crossing over: The ATP binding mutation, mlh3-N35A/mlh3D, significantly reduced crossing over compared to MLH3/mlh3D (P , 0.00511, G-test; Table  2 ) and was equivalent to homozygous mlh3D in all of the intervals analyzed. In contrast mlh3-E31A/mlh3D, the ATP hydrolysis mutant, did not exhibit a reduction in crossing over compared to MLH3/mlh3D. This is similar to the previous observations made for the ATP binding and ATP hydrolysis mutants of MLH1 (Hoffmann et al. 2003) , and suggests that although ATP binding is essential for crossing over, ATP hydrolysis is not. However, another possibility is that ATP hydrolysis by the heterodimer is important, but that one fully functional subunit is sufficient to maintain normal levels of crossing over. Comparisons of the distribution of PD, NPD, and TT were made using a G-test of homogeneity, and statistically significant differences are denoted as follows: **distribution is significantly different from MLH3/mlh3D; ***distribution is significantly different from homozygous mlh3D; ****distribution is significantly different from MLH3/mlh3D and homozygous mlh3D.
a PD, NPD and TT are parental ditype, nonparental ditype and tetratype, respectively, and map distances (cM) were calculated according to Perkins (1949) .
b Data from Hoffmann et al. (2003) . Statistical differences are denoted as follows: **significantly different from MLH3/mlh3D; ***significantly different from MLH3/mlh3D and homozygous mlh3D.
a NMS includes both gene conversion and postmeiotic segregation events. % NMS calculated as the number of NMS events/total number of tetrads 3 100.
b % PMS calculated as the number of PMS events/total number of NMS events 3 100.
c Data from Hoffmann et al. (2003) .
To test this hypothesis, a double ATP hydrolysis mutant was constructed (mlh1-E31A/mlh1D mlh3-E31A/mlh3D). Unlike the single ATP hydrolysis mutants, the strain carrying both ATP hydrolysis mutations exhibited levels of crossing over that were significantly reduced compared to MLH3/mlh3D (Table 2) in three of the four intervals (LEU2-MAT, MET13-CYH2, and CYH2-TRP5; P , 0.00511, G-test). The mlh1-E31A/mlh1D mlh3-E31A/ mlh3D mutant was indistinguishable from the homozygous mlh3D strain in the LEU2-MAT interval and slightly elevated in the remaining three intervals. Together these results suggest at least a partial loss of function occurs when both subunits are impaired for ATP hydrolysis, leading to an intermediate phenotype for crossing over. This implies that it is necessary for at least one of the two proteins to be able to hydrolyze ATP to ensure wild-type levels of crossovers. The observation that mlh1-E31A/mlh1D mlh3-E31A/mlh3D does not exhibit as severe a crossover defect as observed in homozygous mlh3D could be explained by the finding that mlh1-E31Ap does retain some ability to hydrolyze ATP, albeit at a much reduced rate (Hall et al. 2002; Sacho et al. 2008) . Mismatch repair during meiosis and mitosis: Mismatch repair during meiosis was analyzed using the his4-r allele, which generates a 4-bp mismatch when included in heteroduplex DNA. In MLH3/mlh3D, 8.7% NMS of the his4-r allele was observed (Table 3) . In mlh3D strains, NMS was unaffected (10.0%, Table 3 ), as observed previously (Wang et al. 1999) . Consistent with this, none of the mlh3 point mutants exhibited a defect in non-Mendelian segregation. This is most likely due to the nature of the mismatch created, as previously MLH3 has only been shown to be involved in the removal of frameshift mutations (Flores-Rozas and Kolodner 1998; . Additionally, no PMS events were observed in homozygous mlh3D (Table 3) . However, the double ATP hydrolysis mutant (mlh1-E31A/ mlh1D mlh3-E31A/mlh3D) exhibited an increase in PMS events compared to MLH3/mlh3D (12.2% compared to 8.7%, respectively), although not significantly. This may be due to the function of Mlh1p in meiotic mismatch repair, as the mlh1-E31A/mlh1-E31A single mutant also exhibited an increase in PMS events (Hoffmann et al. 2003) , unlike mlh3-E31A/mlh3D.
Mitotic mutation rates of these mutants were also determined using the lys2TInsE-A 14 allele, which detects the inability to repair frameshift mutations (Table  4 ). The mutants were considered to be different from one another if no overlap in confidence intervals was observed. Although MLH3 plays a minor role in mismatch repair (Flores-Rozas and Kolodner 1998; , the reversion rate to Lys 1 was increased 3.5-fold in mlh3D compared to the wild type. Similarly, mlh3-N35A exhibited a 4.3-fold increase in mutation rate compared to the wild type and was not different from mlh3D. The mlh3-E31A mutant had a slightly elevated mutation rate (1.8-fold) compared to the wild type, but this was significantly lower than the mutation rates observed in the mlh3D and mlh3-N35A mutants. Both mlh1D and mlh1-N35A exhibited severe mutator phenotypes (13,000-and 16,000-fold increase compared to wild type, respectively) whereas mlh1-E31A, although still mutator, only exhibited a 1400-fold increase in mutation rate, consistent with previous observations (Hall et al. 2002) . Therefore the mlh3 ATPase mutants exhibit the same trend as observed for the mlh1 ATPase mutants, whereby defective ATP binding increases mutation rate to the same extent observed in the corresponding deletion mutants but defective ATP hydrolysis has a less severe effect. The mh1-E31A mlh3-E31A double ATP hydrolysis mutant did not exhibit a mutation rate that was different from the mlh1-E31A single mutant, suggesting that addition of the mlh3-E31A mutation does not further impair frameshift correction.
The meiotic and mitotic functions of MLH3 can be separated by differential substitutions to the G97 residue: In MLH1, it has been shown that altering the G98 residue to either alanine or valine had differential effects on the function of the protein (Pang et al. 1997; Hoffmann et al. 2003) . Therefore we decided to test whether the same was true for MLH3 by mutating the analogous residue, G97. In mlh3-G97A/mlh3D, the level of crossing over was not reduced in any of the intervals studied compared to MLH3/mlh3D. In contrast, mlh3-G97V/mlh3D had rates of crossing over that were significantly reduced compared to MLH3/mlh3D (P , 0.00511, G-test) and indistinguishable from homozygous mlh3D.
Mutation rates of mlh3-G97A and mlh3-G97V were determined to assess the effect on the mitotic mismatch repair function of Mlh3p (Table 4 ). The mutation rates of mlh3-G97V and mlh3-G97A were increased 4-and 2.6- a Mutation rates were calculated for each culture tested from at least two independent experiments. These were combined and ranked and the overall median mutation rate obtained (Spell and Jinks-Robertson 2004) .
fold, respectively, compared to the wild type, and were not different from mlh3D. However, mlh3-G97A and mlh3-G97V were different from one another. In summary, both of the mutations analyzed affect the mitotic functions of MLH3. In contrast, mlh3-G97A is wild type for crossing over, whereas mlh3-G97V is equivalent to the homozygous mlh3D mutant.
Spore viability is related to crossover function and mismatch repair defects: The homozygous mlh3D mutant strain exhibited reduced spore viability compared to MLH3/mlh3D (92% compared with 98%, respectively; P , 0.00511, G-test; Table 5 ). Both mlh3-N35A and mlh3-G97V, which were defective for both crossing over and mitotic mismatch repair, reduced spore viability to the same extent observed in mlh3D (both 93% compared with 92%) which was significantly lower than the MLH3/mlh3D spore viability (P , 0.00511, G-test). Consistent with this, the spore viability of mlh3-E31A/ mlh3D, which displayed wild-type levels of crossovers, was not significantly reduced compared to MLH3/ mlh3D (97% compared with 98%). However mlh3-G97A/mlh3D, which exhibited an increased mitotic mutation rate but no crossover defect, had an overall spore viability that was intermediate between MLH3/ mlh3D and homozygous mlh3D and was significantly different from both (P , 0.00511, G-test). The spore viability of the double ATP hydrolysis mutant was significantly lower than MLH3/mlh3D and mlh3-E31A/ mlh3D (P , 0.00511, G-test), reflecting the decreased crossing over observed in this strain. The spore viability was equivalent to that observed in homozygous mlh3D and was not as severely reduced as in mlh1D mlh3D (P , 0.00511, G-test). As Wang et al. (1999) observed, the patterns of spore death in mismatch repair defective strains are complex due to contributions from both crossover defects and random spore death due to the mutator phenotype of these mutants.
DISCUSSION
ATP binding but not ATP hydrolysis is required for crossing over: The ATP binding and ATP hydrolysis mutants had differential effects on the activities of MLH3. In mlh3-N35A/mlh3D strains where Mlh3p is unable to bind ATP, crossing over is reduced to the same extent as in the homozygous mlh3D mutant. However in mlh3-E31A/mlh3D strains where Mlh3p is able to bind but not hydrolyze ATP, crossing over is unaffected. This is analogous to the observations made for the corresponding mlh1 mutants (Hoffmann et al. 2003) . These results suggest that ATP binding by Mlh3p and the accompanying change in conformation of the subunit is crucial for the function of Mlh3p in meiotic recombination, whereas ATP hydrolysis is not. This is consistent with the model proposed by Tran and Liskay (2000) , whereby binding of ATP by MutL homologs is essential for their interaction and subsequent function. More recently, direct evidence for this has been provided by Sacho et al. (2008) . Using atomic force microscopy, it was shown that in the presence of ATP, MutLa undergoes a conformational change, taking on a more condensed structure. ATP hydrolysis was not required for this change. However, it was proposed that ATP hydrolysis is required for subsequent release of ADP and P i and recycling of the protein complex. Thus, the inability of mlh3-N35Ap to bind ATP would directly affect protein interactions and consequently influence functions that require the ATP-induced conformational change, resulting in the observed defect in crossing over. Additionally it has been shown that this ATPase activity is required for the endonuclease activity of hMutLa (Kadyrov et al. 2006) . The data presented here and by Nishant et al. (2008) suggest that the same might be true of Mlh3p, as mutating the putative endonuclease motif of or preventing ATP binding by Mlh3p leads to similar defects in crossing over.
No evidence was observed of a role for MLH3 in the repair of 4bp insertions in meiosis, in agreement with previous observations (Wang et al. 1999) . In contrast, Stone and Petes (2006) observed a significant increase in PMS events using the his4-Sal allele (a 4-bp insertion), which they attributed to an MLH1 independent repair activity. While one might propose that this repair activity is specific to this allele, we think this is unlikely since the 93.4 (1946/2084) Comparisons of the numbers of viable and non-viable spores were made using the G-test of homogeneity and a Pvalue of 0.00511 or less was considered significant according to the Dunn-Sidak correction factor for 10-way comparisons. Significant statistical differences are denoted as follows: **distribution is significantly different from MLH3/mlh3D; ***distribution is significantly different from homozygous mlh3D; ****distribution is significantly different from MLH3/mlh3D and homozygous mlh3D.
a Calculated as (4 3 no. of four spore tetrads 1 3 3 no. of three-spore tetrads 1 2 3 no. of two-spore tetrads 1 no. of one-spore tetrads)/(4 3 total no. of tetrads) 3 100.
b Data from Hoffmann et al. (2003) .
alleles used by Stone and Petes (2006) and Wang et al. (1999) create the same insertion when found in heteroduplex DNA. We have no explanation for these discrepancies other than to note that the strains are different as are the specifics of the sporulation procedures (Cotton et al. 2009 ). MLH1 and MLH3 contribute equally to crossing over during meiosis: ATP hydrolysis by either Mlh1p (Hoffmann et al. 2003) or Mlh3p alone appears to be sufficient for their function during meiotic recombination. However, when neither protein can hydrolyze ATP the crossover function is impaired, indicating that some hydrolysis is required. Tran and Liskay (2000) hypothesized that the inability of either Mlh1p or Pms1p to hydrolyze ATP prolonged the interaction between the proteins. This was based on the observation that an N-terminal interaction was detectable in the double ATP hydrolysis mutant but not in the wild type or either of the single ATP hydrolysis mutants. The results presented here are consistent with this aspect of their model, since the mlh3 ATP hydrolysis mutant is fully functional, whereas the mlh1-E31A/mlh1D mlh3-E31A/ mlh3D double ATP hydrolysis mutant is not. This suggests that breaking the interaction between the proteins to allow recycling of the complex is functionally important and that the ability of either Mlh1p or Mlh3p to hydrolyze ATP is sufficient for this to occur. One caveat with this interpretation is that it has also been shown that the mlh1 ATP hydrolysis mutant retains a low level of ATPase activity (Hall et al. 2002) , which could explain why the defect in crossing over observed is not as severe as in the deletion mutant. Another possibility is that as the proteins are still able to bind ATP, the complex can perform its function once, but the inability to hydrolyze ATP prevents the proteins from dissociating and being free to undergo another round of ATP binding. This would imply that the availability of Mlh1p and Mlh3p is rate limiting for crossing over. A third option is that the presence of two mutant subunits partially destabilizes the complex. However the mitotic mutation rate observed for the mlh1-E31A mlh3-E31A double ATP hydrolysis mutant suggests the latter is not the case. The presence of an additional mutation in MLH3 did not increase the mutation rate further than observed for the mlh1-E31A single mutant, which would be expected if the complex was being destabilized. These possibilities are not mutually exclusive and a combination of these may result in the intermediate defects observed.
Mutating G97 to either alanine or valine had differential effects on mitotic and meiotic function: The mutant mlh3-G97V was defective in both crossing over and mitotic mismatch repair whereas mlh3-G97A exhibited a small defect in mitotic mismatch repair and no defect in crossing over. This suggests that the functional requirements of Mlh3p during mitosis and meiosis are different. The fact that the phenotypes of mlh3-G97A and mlh3-G97V are different suggests that the properties of the amino acid that the residue is mutated to are important in determining the effects it will have on function. Residue G97 lies in the third ATPase motif of Mlh3p, which is predicted to form the ''lid'' of the ATP binding pocket and part of the Nterminal interaction domain between the MutL homologs (Ban and Yang 1998; Ban et al. 1999; Tran and Liskay 2000) . However, although G97 has been predicted to affect ATP binding and/or heterodimerization of proteins (Grenert et al. 1997; Ban and Yang 1998; Obermann et al. 1998; Panaretou et al. 1998; Ban et al. 1999) , mutating this residue to alanine does not result in the same phenotype exhibited by the known ATP binding mutant, mlh3-N35A (Hall et al. 2002) , which is as defective for crossing over as homozygous mlh3D. Mutating this residue to valine may cause more disruption to the structure of the ATP binding pocket due to its bulkier side chain and consequently may reduce ATP binding further than alanine, which has a small side chain, resulting in the crossover defect. Collectively this implies that G97 is not specifically required for ATP binding, rather that it is the conformation of this region that is critical. The corresponding mutation in Mlh1p, mlh1-G98Vp, was shown to disrupt the interaction of Mlh1p with Pms1p, whereas mlh1-G98Ap did not (Pang et al. 1997) . It is therefore possible that mlh3-G98V/mlh3D disrupts the interaction with Mlh1p, either through defective ATP binding and the consequent lack of a conformational change or by directly preventing the necessary bonding between subunits. Either would explain the defect in crossover function. As crossing over is unaffected in mlh3-G97A/mlh3D, presumably this mutant protein retains the ability to interact with Mlh1p. However, as a defect is observed in mitotic mismatch repair, the mlh3-G97A mutation must at least partially reduce the ability of Mlh3p to bind ATP and/or to adopt the correct conformation upon ATP binding. Furthermore, this suggests that mitotic mismatch repair is more sensitive to any reduction in these properties when compared to crossing over. This is supported by the mlh1-G98A mutant, which despite retaining the ability to interact with Pms1p, exhibits defects in both mitotic and meiotic mismatch repair (Pang et al. 1997; Hoffmann et al. 2003) .
The results presented here have given insight into the function of MLH3 in mismatch repair and crossing over during meiosis. As the severity of the defect in crossing over observed in both the Mlh1p and Mlh3p ATP binding mutants is equivalent, this suggests that they are both required for coordination of all subsequent events. Due to the recent discovery that Mlh3p possesses an endonuclease motif and that ATP binding is required for the endonuclease activity of MutLa, it is likely that the specific conformation adopted by these proteins upon ATP binding is crucial for the processing of recombination intermediates. In addition, ATP hy-drolysis is essential to allow recycling of the protein complex.
